The frequencies of one-ended transposition and normal transposition of derivatives of Tn2l that contain mutant inverted-repeat sequences (IRs) have been measured. In general, there was a linear relationship between the log of the frequency of one-ended transposition of a mutant IR and the log of the frequency of normal transposition of an element flanked by a wild-type IR at one end and by the mutant IR at the other. This implied that one-ended and normal transposition share the rate-limiting step that determines the frequency of transposition and that both IRs are involved in the rate-limiting step in normal transposition. Surprisingly, it was found that only the outer 18 base pairs of the IR of Tn2l engaged accurately in both one-ended and normal transposition, at about 1% of the frequency of the wild-type IR. A specific sequence is defined by its ends; those of transposable elements are usually inverted-repeat sequences (IRs). Class II elements generally have IRs of 38 base pairs (bp). An essential step in the transposition process is the recognition of the IRs by the transposition apparatus, a step that is mediated by the transposase, an element-encoded protein. The transposition process involves a number of different steps, including recognition of the IR and catalysis of the recombination reaction, and it may be that different parts of the IR are utilized in these discrete steps. For instance, with IS50, the outer ends act more efficiently than the inner ends because they contain a DnaA-binding site (3, 17) , and two different domains have been defined within the IR of IS903 (6) .
Transposable elements are specific DNA sequences that can insert into unrelated DNA sequences. Class II bacterial transposable elements (the Tn3 group) are a very widespread family of related elements that occur in both gram-positive and gram-negative bacteria. In gram-negative bacteria, there are two major subgroups of class II elements, those that are related to Tn3 and those that are related to Tn2I. Within these subgroups, transposition functions are often interchangeable (for reviews, see references 7, 10, and 18) .
A specific sequence is defined by its ends; those of transposable elements are usually inverted-repeat sequences (IRs). Class II elements generally have IRs of 38 base pairs (bp). An essential step in the transposition process is the recognition of the IRs by the transposition apparatus, a step that is mediated by the transposase, an element-encoded protein. The transposition process involves a number of different steps, including recognition of the IR and catalysis of the recombination reaction, and it may be that different parts of the IR are utilized in these discrete steps. For instance, with IS50, the outer ends act more efficiently than the inner ends because they contain a DnaA-binding site (3, 17) , and two different domains have been defined within the IR of IS903 (6) .
The availability of an efficient one-ended transposition system for Tn2J and related elements (1, 16) provides a system for analyzing some of the requirements for utilization of the IR in transposition of these elements. In this paper, the effect of the Tn21 transposase on various mutant IR sequences is described both for one-ended transposition and for transposition of segments of DNA flanked by the mutant IR on one side and by the wild-type IR on the other. There is a linear relationship between the log of the frequencies of the two processes.
MATERIALS AND METHODS
Strains and plasmids. The plasmids used are listed in Tables 1, 2 , and 3. The strains are derivatives of Escherichia coli K-12 UB5201 (F-pro met recA56 gyrA) and UB1637 (F-his lys trp recA56 rpsL) (5) . Strain UB6330 is UB5201 containing R388; donor strains were constructed by cotransformation of UB6330 with the appropriate plasmids. * Corresponding author.
Transposition assay. The method used was a slight modification of the mating-out assay described in reference 9. Donor strains were streaked on L-agar plates containing antibiotics to select for all plasmids present and incubated at 30°C for 3 days. Well-isolated single colonies were picked off into L broth and grown at 30°C to give an optical density at 600 nm (OD600) of 0.5. A 0.2-mi sample of this suspension was then mixed with 0.5 ml of an overnight culture of UB1637, and the mixture was deposited on a nitrocellulose filter on the surface of an L-agar plate. After incubation at 37°C for 1 h, bacteria were suspended in L broth and suitable dilutions were spread on appropriate selective plates. The transposition frequency was the number of transconjugants resistant to the marker in the donor plasmid (Apr or Kmr) divided by the number of Tpr transconjugants (the marker of R388). The detection limit of this assay was about 8-x 10-7 Apr transconjugants per Tpr transconjugant. To increase the sensitivity, 1 ml of the mating mixture was mixed with 9 ml of L broth containing ampicillin (200 pxg/ml) plus streptomycin (300 jig/ml) and incubated overnight; 0.1 ml of this mixture was then spread on plates containing ampicillin and streptomycin. The detection limit of these assays ("forced matings") was about 2 x 10-', but they were only qualitative results. Quantitative data were averaged by taking all frequencies obtained for a particular strain and determining the mean and standard deviation of the mean (SD) of the logs. Data are given as the antilog of the mean, with a spread of antilog (mean -the standard deviation of the mean) to antilog (mean + the standard deviation of the mean).
Preparation, construction, and analysis of plasmid DNA. Plasmid DNA was isolated essentially as described in reference 12. Agarose gel electrophoresis and restriction endonuclease analysis were performed as previously described (1) . Standard cloning and analytical procedures (15) were used for the construction of recombinant plasmids. The details of each particular construction are described in the legends to Fig. 1 and in Tables 2 and 3 . Oligonucleotides were synthesized in an Applied BioSystems 481A synthesizer. Oligonucleotides were synthesized such that doublestranded fragments carrying the sequences shown in Table 2 plus the relevant restriction enzyme sites at the ends could be formed. DNA sequencing was carried out by the chain termination method, using plasmid DNA as a template (13 Numbers given are the antilog of the mean and (in parentheses) the spread of antilog (mean plus the standard deviation of the mean and mean minus the standard deviation of the mean).
Colonies appeared only by forced plating (see Materials and Methods). When analyzed with restriction enzymes, their patterns were consistent with the expected one-ended transposition products.
d No colonies appeared even after forced plating. on this frequency (Table 4) . Deletion of the external 12 bp of the IR (in pSUC7) completely abolished one-ended transposition, as did the small deletion-substitution of bp 5 to 12 (in pSUC16); deletions of the inner 20 bp (in pSUC9) or of bp 13 to 24 (in pSUCli) or insertion of 4 bp (in pSUC10) or 5 bp (in pSUC20) resulted in a frequency of about 1% or less of that shown by pSUC5. The base substitutions that were tested, on the other hand, had more variable effects, ranging from no effect at all (pSUC14 and pSUC49) to modest decreases of about 5-to 10-fold (pSUC12, pSUC13, pSUC19, and pSUC36) to a decrease of about 50-fold (pSUC17).
DNAs from six independent pSUC9 recombinants were analyzed with restriction enzymes. An AvaI digestion showed that the recombinants contained insertions of about 2.6 kilobases (kb) (five cases) and 3.0 kb (one case) (pSUC9 is 2.6 kb in size and contains no AvaI sites). The tip of the novel IR of pSUC9 is contained within a 48-bp segment bounded by an EcoRI site and a BamHI site (Fig. 1) . One of the junction points between donor and recipient DNA was contained within this segment in four of the six recombinants. These data are consistent with the recombinants being the products of one-ended transposition using the novel IR (1) .
Effects of novel IRs on normal transposition. Some of the novel IRs described above were inserted into the SmaI site of pSU1035 (Fig. 2) . This generated segments of DNA which were flanked by IR-21t on one side and by the novel IR on the other and which encoded Kmr and the transposition apparatus of Tn2J (tnpA tnpR res cointegrates will be resolved). Transposition of such segments is shown in Table 3 . In general, frequencies were 50 to 100 times higher than the equivalent one-ended systems (compare Table 3 and 4); such differences between normal and one-ended transposition with the Tn2J system have been examined before (9) . With all donor plasmids except pSUC30, all or most Kmr transconjugants were Cms, indicating that true transposition involving recognition of both IRs had occurred. However, the actual frequency varied by about 300 times. With pSUC30, the frequency of mobilization of Kmr was much lower and the proportion of such transconjugants that were Cmr was much higher, indicating that most of the transposition events had been one ended (i.e., that the novel IR had not been well recognized). Normal transposition could have generated the Kmr Cms transconjugants (see above); they could also have been generated by one-ended transposition stopping short (2). R388 contains no XbaI sites, and pSU1035 contains two XbaI sites, each of which is outside the presumptive transposable element (Fig. 2) . One-ended transposition, therefore, yielded recombinants containing at least one XbaI site, whereas lack of an XbaI site indicated that normal transposition involving precise recognition of both IRs had occurred. Plasmids from 10 Kmr Cms transconjugants from each of the crosses shown in Table 3 were tested. With the exception of crosses involving pSUC30, none of the recombinants analyzed contained an XbaI site. However, plasmids from Kmr Cms transconjugants derived from pSUC30 as the donor contained an XbaI site. They were thus products of one-ended transposition, indicating that the novel IR was not recognized in this case.
The Kmr Cmr transconjugants arising in the experiments involving functional elements were mostly (80 to 90%) one-ended transposition products (as shown by the presence of an XbaI site), although some of them (10 to 20%) contained two plasmids and were presumably resolution products of normal cointegrates that had been transferred (data not shown).
DISCUSSION
Transposition assays and effect of sequences flanking the IRs. There can be quite wide variations in the measurement of particular frequencies of transposition (note the spread of data in Tables 3 and 4 ; see also reference 9). However, the way the frequencies for different donors vary systematically ( Fig. 3 and see below) suggests that quantitative conclusions from these data are justifiable. Frequencies of both normal and one-ended transposition can also vary by at least 10- fold, depending only on the precise nature of the donor vector and the site of insertion of the IRs in it (9) . In the experiments reported here, all the IRs tested occupied the same general location in the same or similar vector plasmids. However, there is some variation in the sequences flanking the different IRs ( (9) . Presumably, an IR sequence influences the frequency of transposition by affecting the amount of productive IR-transposase complex. This could be achieved by changing the amount of the transposase complex with the heterologous IR (i.e., reducing binding) or by affecting an activation step that occurs after the initial binding (for instance, by analogy with Mu, cooperation between the two IR-transposase complexes from each end of the element to form a "transpososome" [20] ) or both.
The frequency of one-ended transposition of plasmids that contain different IRs is also a function of the sequences of the IRs (Table 4 ). This is also simply explicable if the frequency depends on the rate of formation of the active initiation complex, which in turn is dependent on the actual IR sequence. In any case, this rate-limiting step is probably in common with the rate-limiting step of normal transposition, since plotting the logs of the frequencies of the two processes gives a straight line (Fig. 3) . This straight line suggests that there is a rather simple mechanistic relationship between one-ended and normal transposition, although, not surprisingly, they are probably not directly related (the slope is not 1). Thus, one-ended transposition can be used with confidence as a model system to study the DNA-protein interactions involved in transposition. The one-ended transposition system has a big technical advantage over a normal transposition system in that one is dealing with a single IR sequence that can be very easily manipulated.
Sequence of the IR and the frequency of transposition. The Tn2J transposase does not operate as efficiently on IRs from TnSOl or Tnl721 as it does on its own IRs (9) or on IR-3926 (Tables 3 and 4 (Fig. 4) ; it must be one or more of these four that is responsible.
Replacing the outer 18 bp of IR-3926 with those of IR-SOlt led to about a fivefold decrease in both one-ended and normal transposition. IR-501t is not in itself a poorer substrate for the Tn2J transposase (9) . Assuming that this difference is significant (see above), it could be due to an effect of the different sequences flanking the IR. Surprisingly, the outer 18 bp of the IR are sufficient to be precisely recognized by the Tn2J transposase (although the frequencies were 1% or less than with the complete IR: see IRs 3926.2, 3926.3, and 3926.6 in Tables 3 and 4) . Indeed, even IR-3926.4, in which these 18 bp have been tampered with, permits transposition (Table 4) . IR-3926/3 (which contains an inner 20 bp that are the same as those of the IR of Tn3) also gave recombinants, although IR-3 itself is inactive (8, 9) . The corollary is that removal of or deletions within the outer 18 bp of IR-3926 abolished transposition (IRs 3926.1 and 3926.7 in Table 4 ). Why is the IR of 38 bp conserved in class II elements (Fig. 4) if most is dispensable for accurate recognition? The inner 20 bp could provide an increased catalytic efficiency or discrimination for the different transposases or both. Huang et al. (11) have analyzed the transposition of derivatives of Tn3 with deletions of the internal part of the IR. Deletion of the terminal 4 bp led to a transposition frequency of 2% relative to wild type, while deletion of 6 bp produced an undetectable level of transposition; however, their limit of detection was not much less than 1%, so their results are not inconsistent with those reported here for Tn2l.
Apparently, then, the sequence and structure of the external 18 bp are the most vital feature for the activity of IR-3926. We are conducting an extensive mutational analysis of this region by saturation mutagenesis to assess the effect of individual bases in the frequency of transposition.
